The objective of this study was to establish optimal conditions for the primary culture of pig preadipocytes. We cultured pig preadipocytes for 10 d and studied the effects of insulin, hydrocortisone, and triiodothyronine ( T 3 ) added to serum-free basal medium on differentiation and gene expression of lipoprotein lipase an early marker, and adipsin, a late marker of preadipocyte differentiation. Insulin alone and hydrocortisone alone stimulated a low level of cell differentiation, as indicated by an increase in glycerol-3-phosphate dehydrogenase activity. When added together, insulin and hydrocortisone had a synergistic effect on cell differentiation. When combined with insulin or hydrocortisone, T 3 had no effect on cell differentiation, indicating that T 3 is not required in porcine preadipocyte culture. Gene expression studies also showed that removal of insulin or hydrocortisone from complete serum-free medium reduced both early and late marker mRNA. As expected, removal of T 3 had no effect on the gene expression of early and late marker mRNA. We conclude that insulin and hydrocortisone, but not T 3 , are required for the differentiation of pig preadipocytes in primary culture.
Introduction
Formation of adipocytes and their aggregation to adipose tissue are an important phase in the growth and development of mammals. Knowledge of conditions and factors that promote adipose tissue development would aid in the devising of methods to reduce body fat accretion. Several adipose-like cell lines, as well as stromal-vascular ( S-V) cells isolated from adipose tissue of different mammalian species, have been used to study the functional aspect of precursor cell proliferation and differentiation and seem to be valid models of adipocyte development in vivo (Hauner and Loffler, 1987) .
Studies on hormonal regulation of primary culture systems derived from the S-V fraction of rat adipose tissue have shown that insulin, glucocorticoids, and triiodothyronine ( T 3 ) are essential for preadipocyte differentiation (Deslex et al., 1987; Sztalryd et al., 1989; and Gaben-Cogneville et al., 1990) . As a result, a suitable system that permits detailed study of the control of preadipocyte differentiation and the physiology of lipid accumulation in rat adipose S-V cultures maintained in a defined culture environment has been established. In contrast, the hormonal control of pig preadipocyte growth and development in primary culture has been only partially elucidated. Ramsay et al. (1989a,b) examined the role of insulin-like growth factor ( IGF-I) and glucocorticoids in the differentiation of pig preadipocytes in primary culture using serum-containing medium. Using a serum-free culture system, Hausman (1989) demonstrated that insulin, IGF-I, and T 3 stimulated pig preadipocyte differentiation. However, the rate of pig preadipocyte differentiation was relatively low in this serum-free culture system. Hence, an optimal culture condition to study pig preadipocyte differentiation is not available. In the present study we examined three hormones commonly used in the primary cultures, to establish their optimal doses for pig preadipocyte differentiation in serum-free medium.
Materials and Methods
Chemicals. Dulbecco's modified Eagle's medium, nutrient mixture F-12, dihydroxy acetone phosphate, Figure 1 . Time course for glycerol-3-phosphate dehydrogenase (GPDH) activity during pig preadipocyte differentiation in primary culture. Cells were plated on six-well plates at a density of 3 × 10 4 cells/cm 2 in DME/ F12 medium supplemented with 10% fetal calf serum (FCS) for 24 h. The next day cells were washed three times with DME/F12 medium without FCS and subsequently maintained in DME/F12 medium containing 10 mg/mL transferrin, 100 nM insulin, and 50 ng/mL hydrocortisone. The GPDH activity, determined at d 2, 4, 6, 8, and 10 after plating, was used as the indicator of cell differentiation. Values are means ± SE of three independent experiments performed on triplicate wells. Values lacking a common letter differ (P < .05).
reduced nicotinamide adenine dinucleotide, gentamicin sulfate, HEPES buffer, hydrocortisone, insulin, T 3 , bovine transferrin, and hematoxylin were purchased from Sigma Chemical (St. Louis, MO). Collagenase (type I ) was purchased from Worthington Biochemical (Freehold, NJ), fetal calf serum ( FCS) from Intergen (Purchase, NY), fungizone from Gibco BRL, Division of Life Technologies (Gaithersburg, MD), and prepodyne from AMSCO, Medical Products Division (Erie, PA). All other chemicals used were of analytical grade.
Cell Culture Techniques. Crossbred newborn pigs between 1 and 3 d of age were obtained from a commercial producer and killed by CO 2 asphyxiation. Dorsal subcutaneous adipose tissue was aseptically removed and S-V cells were obtained using a collagenase digestion as previously described (Akanbi et al., 1994) . Aliquots of S-V cells were counted using a hemocytometer. The S-V cells were seeded in 35-mm and 100-mm culture dishes at a density of 3 × 10 4 cells/mL at 37°C in 5% CO 2 in air. Plating medium consisted of DMEM/F12 (1:1, vol/vol) containing 15 mM NaHCO 3 , 15 mM HEPES buffer, and 50 mg/L gentamicin sulphate supplemented with 10% FCS. After 24 h, attached cells were washed three times with the plating medium without FCS and then maintained in various test media. Culture medium were changed every 3 d until d 10 (except where stated otherwise) when the glycerol-3-phosphate dehydrogenase ( GPDH, EC 1-1-18) assay, protein assay, and Northern blot were performed. Assays for GPDH, protein, and oil red O staining were performed as described previously (Suryawan and Hu, 1993; Akanbi and Hu, 1995) .
RNA Isolation and Northern Blot Analysis. Total
RNA was isolated by extraction with guanidine isothiocyanate (Chomczynski and Sacchi, 1987) . Total RNA was electrophoresed in 1.5% agarose, 2.2 M formaldehyde gels, transferred to nylon membranes (Sigma), and covalently linked by UV cross-linking (for 30 s at 120,000 mJ/cm 2 ) Membranes were prehybridized in 6× SSC, 5× Denhardt's reagent, .5% SDS, and 100 mg/mL denatured salmon sperm DNA for 4 h at 42°C, then hybridized in the same solution containing about 2 × 10 6 cpm/mL a 32 P-labeled cDNA probe at 42°C for 24 h. Labeled cDNA probes were synthesized by the random priming procedure using [a 32 P] dCTP. Labeled 18 S probe was synthesized by the end labeling procedure using [a 32 P] dATP. The probes were kindly provided by S. Deep (University of Washington) for human lipoprotein lipase (LPL) cDNA probe (1.36 kb), J. Miner (Monsanto Company, St. Louis, MO) for pig adipsin (0.8 kb), and S. Giovannoni (Oregon State University) for 18 S (15-base-oligonucleotides). After hybridization, membranes were washed in 2 × SSC, 0.1% SDS for 1 h and in .2 × SSC, .1% SDS for 30 min at 60°C. Membranes were analyzed by autoradiography using Storage Phosphor Screen (Molecular Dynamics, Sunnyvale, CA) for 1 to 2 d and scanned using a PhosphoImager (Molecular Dynamics).
Statistical Analysis. Data of experiments were analyzed by the analysis of variance procedure of NCSS (1984) , with differences between means tested for significance by Fisher's least significant difference test.
Results
The GPDH activity, a late marker for adipocyte differentiation, was assayed at different days of culture to follow the differentiation stage of preadipocytes in culture ( . Effect of insulin on glycerol-3-phosphate dehydrogenase (GPDH) activity of pig preadipocytes in primary culture. Cells were plated on six-well plates at a density of 3 × 10 4 cells/cm 2 in DME/F12 medium supplemented with 10% fetal calf serum (FCS) for 24 h. The next day cells were washed three times with DME/ F12 medium without FCS and subsequently maintained in DME/F12 medium containing 10 mg/mL transferrin, 50 ng/mL hydrocortisone, and different concentrations of insulin. The GPDH activity, determined at d 10 after plating, was used as the indicator of cell differentiation. Values are means ± Se of three independent experiments performed on triplicate wells. Values lacking a common letter differ (P < .05).
Figure 3. Effect of hydrocortisone on glycerol-3-phosphate dehydrogenase (GPDH) activity of pig preadipocytes in primary culture. Cells were plated on six-well plates at a density of 3 × 10 4 cells/cm 2 in DME/ F12 medium supplemented with 10% fetal calf serum (FCS) for 24 h. The next day cells were washed three times with DME/F12 medium without FCS and subsequently maintained in DME/F12 medium containing 10 mg/mL transferrin, 100nM insulin, and different concentrations of hydrocortisone. The GPDH activity, determined at d 10 after plating, was used as the indicator of cell differentiation. Values are means ± SE of three independent experiments performed on triplicate wells. Values lacking a common letter differ (P < .05).
in preadipocyte culture systems (Deslex et al., 1986 , Reyne et al., 1989 . Our previous study (Suryawan and Hu, 1993) indicated that transferrin stimulated preadipocyte differentiation only slightly ( P > .05). Because transferrin does not inhibit cell differentiation, we have routinely included it in our serum-free culture system. The stimulatory effect of insulin on differentiation of preadipocytes was examined in primary culture of S-V cells from porcine adipose tissue. Previous studies in this laboratory have shown that preadipocytes do not survive in serum-free medium without hormone supplementation. Therefore, in this experiment different concentrations of insulin were tested in the presence of hydrocortisone (50 ng/mL). The data indicated a significant dosage effect of insulin on GPDH activity, achieving maximal effect at a concentration of 100 nM (Figure 2 ). Insulin concentrations higher than this tended to suppress GPDH activity ( P > .05). Without insulin, the GPDH activity was very low; however, the addition of as little as 1 nM insulin to the medium significantly increased GPDH activity (Figure 2) .
To test the effect of hydrocortisone on differentiation of porcine preadipocytes, cells were also cultured with different concentrations of hydrocortisone. Because the cells did not grow well (data not shown) in the presence of hydrocortisone and transferrin, we included 100 nM insulin in this experiment. Although the addition of 1 ng/mL hydrocortisone had no effect, GPDH activity increased significantly as the concentration of hydrocortisone was increased to 10 ng/mL and to 100 ng/mL ( Figure 3) ; GPDH activity was highest at 100 ng/mL, although the value was not different ( P > .05) from values for 50 or 500 ng/mL hydrocortisone.
Triiodothyronine had no effect on GPDH activity in the presence of 100 nM insulin or 50 ng/mL of hydrocortisone (Figure 4 ). In the absence of insulin, but with hydrocortisone and T 3 , GPDH activity decreased significantly (80%) compared with the complete medium containing insulin, transferrin, T 3 , Figure 4 . Effect of triiodothyronine (T 3 ) on glycerol-3-phosphate dehydrogenase (GPDH) activity of pig preadipocytes in primary culture. Cells were plated on six-well plates at a density of 3 × 10 4 cells/cm 2 in DME/ F12 medium supplemented with 10% fetal calf serum (FCS) for 24 h. The next day cells were washed three times with DME/F12 medium without FCS and subsequently maintained in DME/F12 medium containing 10 mg/mL transferrin and 100 nM insulin or 50 mg/mL hydrocortisone. The GPDH activity, determined at d 10 after plating, was used as the indicator of cell differentiation. Values are means ± SE of three independent experiments performed on triplicate wells. There were no differences among treatments. Figure 5 . Effect of omission of individual hormones from complete medium (ITTC) on glycerol-phosphate dehydrogenase (GPDH) activity of pig preadipocytes in primary culture. Cells were plated on six-well plates at a density of 3 × 10 4 cellc/cm 2 in DME/F12 medium supplemented with 10% fetal calf serum (FCS) for 24 h. The next day cells were washed three times with DME/ F12 medium without FCS and subsequently maintained in ITTC medium (DME/F12 medium containing 10 mg/ mL transferrin, 100 nm insulin, 50 ng/mL hydrocortisone, and .2 nM T 3 ), ITTC without insulin (−I), ITTC without T 3 (−T 3 ), and ITTC without hydrocortisone (−C). The GPDH activity, determined at d 10 after plating, was used as the indicator of cell differentiation. Values are means ± SE of three independent experiments performed on triplicate wells. Values lacking a common letter differ (P < .05). and hydrocortisone (ITTC). In the absence of insulin and hydrocortisone, but with T 3 , GPDH activity decreased 60%. Conversely, removal of the T 3 from the medium did not affect GPDH activity ( Figure 5 ). Histochemical data (Figure 6 ) show the similar results. Omission of insulin resulted in a very small number of cells accumulating fat ( Figure 6, panel b) . Omission of hydrocortisone also reduced the number of fat cells in culture (Figure 6, c) . Similar results were demonstrated in the expression of LPL and adipsin mRNA (Figure 7 ). Removal of insulin or hydrocortisone resulted in a drastic reduction of LPL mRNA and adipsin mRNA, whereas omission of T 3 did not reduce LPL mRNA or adipsin mRNA.
Discussion
We have studied the effect of various hormones added to basal medium on the differentiation of cultured porcine preadipocytes. In agreement with the number of lipid-filled cells detected histologically, GPDH activity emerged as early as d 4 after plating and then increased sharply, reaching maximal activity on d 8. Hauner et al. (1989) observed that GPDH activity in cultured human preadipocytes, remained below the limit of detection from d 0 to 4, became measurable at d 8, and reached maximum levels at d 16. These differences may be due to differences in species and culture conditions. In our culture system, fat droplets were noticeable as early as d 2 after plating; at d 10, approximately 50% of the cells had undergone differentiation. Because of the increasing detachment of the differentiated cells, we did not culture the porcine preadipocytes beyond 10 d.
The expression of two genes known to be modulated during the differentiation of preadipocytes into mature adipocytes (LPL and adipsin) was examined. Lipoprotein lipase mRNA, an early marker of adipocyte differentiation, was detected as early as d 2 and Figure 6 . Photomicrographs of cultured pig preadipocytes stained with oil red O and hematoxylin. Cytoplasmic lipid droplets were stained with oil red O; nuclei were stained with hematoxylin. Compared with complete medium (a), insulin (b) and hydrocortisone (c) omission reduced the number of fat droplets, whereas triiodothyronine (d) had no effect. Figure 7 . Effect of omission of individual hormones from ITTC medium on lipoprotein lipase (LPL) mRNA and adipsin mRNA levels of cultured pig preadipocytes in primary culture. Cells were plated on six-well plates at a density of 3 × 10 4 cells/cm 2 in DME/F12 medium supplemented with 10% fetal calf serum (FCS) for 24 h. The next day cells were washed three times with DME/ F12 medium without FCS and subsequently maintained in ITTC medium (DME/F12 medium containing 10 mg/ mL transferrin, 100 nM insulin, 50 ng/mL hydrocortisone, and .2 nM T 3 ), −I medium (without insulin), −T 3 (without T 3 ), and −HC (without hydrocortisone). At d 10 after plating, RNA was extracted, blotted, and hybridized with LPL, adipsin, and 18 S probes.
reached maximum level at d 4 of culture. This is in agreement with studies using cell lines, which demonstrated the emergence of LPL mRNA early in culture prior to the noticeable appearance of fat droplets (Dani et al., 1990; Ailhaud et al., 1992) . Our data also showed that insulin and hydrocortisone stimulated the expression of LPL mRNA, whereas T 3 had no effect. Morphological observations indicate that significant amounts of cells containing fat droplets were noticeable by d 8. This finding is consistent with studies using Ob1771 cells, which indicated that the expression of adipsin emerged at a late stage of culture (Ailhaud et al., 1992) . Our data indicate that insulin and hydrocortisone are potent stimulators of adipsin mRNA. Consistent with its inability to stimulate pig preadipocyte differentiation, T 3 did not affect the expression of adipsin mRNA.
The role of insulin as a factor needed to induce adipocyte differentiation has been examined in primary cultures of rat (Gaben-Cogneville et al, 1990) and human preadipocytes (Hauner et al., 1989) . Our study showed a similar role for insulin in inducing pig preadipocyte differentiation in primary culture. Furthermore, the present study indicated that insulin had an even more profound effect in the presence of hydrocortisone. This synergistic effect of insulin is in agreement with the results of Hauner et al. (1989) , who reported that insulin and glucocorticoids promoted the differentiation of human preadipocytes in a synergistic fashion. A possible explanation of this synergistic effect is provided by Lee and Tsai (1994) , who found glucocorticoid responsive elements in the human insulin receptor gene. They also stated that the expression of this gene is increased by glucocorticoids. Gaben-Cogneville et al. (1988) found that during rat preadipocyte differentiation, the number of insulin receptors increased significantly compared with the number of receptors found during the proliferative stage.
The precise mechanism by which insulin stimulates the differentiation of adipocytes is not fully understood. Several lines of evidence indicate that insulin not only stimulates glucose transport but also regulates the expression of enzymes needed for lipid synthesis (Wiese et al., 1995) . Nasrin et al. (1990) identified insulin responsive elements ( IRE) in the GPDH gene. In addition, Moustaid et al. (1994) discovered IRE in the fatty acid synthase ( FAS) gene. Fatty acid synthase is a key enzyme involved in lipogenesis. Even though Moustaid et al. (1994) are still searching for the insulin-stimulated transcription factor(s) that bind this response element, they have demonstrated that insulin stimulates the expression of this gene. The insulin effect observed in this study can also be attributed to its binding to the IGF-I receptors. Insulin-like growth factor-1 can be used at a much lower dose than insulin when used in our pig preadipocyte primary culture (data not shown). Ramsay et al. (1989a) showed that IGF-I was a potent adipogenic factor in their serum-containing culture system.
In agreement with previous studies performed with human (Hauner et al., 1989) and rabbit (Reyne et al., 1989) preadipocytes in primary culture, our data also indicate that the presence of glucocorticoids in culture medium is crucial in achieving a high frequency of adipocyte differentiation. Using serum-containing medium, Ramsay et al. (1989b) demonstrated that glucocorticoids stimulated pig preadipocyte differentiation. Unlike insulin, which is necessary in every primary culture system, the requirement of glucocorticoids depends on the culture conditions imposed by the investigators. Wiederer and Loffler (1987) and Gaben-Cogneville et al. (1990) demonstrated that glucocorticoids stimulated the differentiation of rat preadipocytes in culture. Furthermore, Reyne et al. (1989) stated that rabbit preadipocytes did not undergo differentiation in serum-free medium containing insulin and T 3 unless glucocorticoid was added to the medium. Broad and Ham (1983) and Deslex et al. (1987) , however, found that sheep and rat preadipocytes did not need glucocorticoids to differentiate in serum-free culture conditions.
Triiodothyronine is an important factor in serumfree medium for human (Deslex et al., 1987) , rat (Deslex et al., 1986) , and rabbit (Reyne et al., 1989) preadipocyte differentiation. Sztalryd et al. (1989) demonstrated that T 3 stimulated differentiation of rat preadipocytes through stimulation of fatty acid synthesis. The effect of T 3 on adipocyte differentiation may be permissive and may require the presence of other hormones (Hausman, 1989) . In our study, the combination of T 3 with either insulin or hydrocortisone did not significantly change the activity of GPDH in cultured pig preadipocytes.
In summary, these studies have shown that insulin and hydrocortisone stimulate the differentiation of pig preadipocytes, as indicated by increased GPDH activity, and the expression of both LPL and adipsin mRNA. Unlike in human, rat, and rabbit primary culture systems, T 3 did not have any effect on pig preadipocyte differentiation in our system. It seems of particular interest that T 3 is not effective in this regard, because in vivo studies showed the importance of thyroid hormone in adipose development in pigs (Hausman, 1989) and rats (Sztalryd et al., 1989) . A more likely explanation may lie in the concept of "endocrine imprinting" as suggested by Ailhaud (1990) . He suggested that exposure of preadipocytes to the endocrine milieu, including thyroid hormone, in vivo before harvesting and culturing, represents "endocrine imprinting" that may prepare the cells for differentiation. In conclusion, we have established a serum-free culture condition that may be useful in studying the regulation of pig preadipocyte differentiation in primary culture.
Implications
This study demonstrated that insulin and hydrocortisone are required to stimulate the maximal rate of pig preadipocyte differentiation in culture. Triiodothyronine has no effect on preadipocyte differentiation. This study and others indicate that hormonal requirements for preadipocyte differentiation in primary culture depend on the species and culture conditions. By establishing an optimal concentration for each individual hormone used in the primary culture system, we will be able to study the regulation of pig preadipocyte differentiation in culture.
